Previous work showed that accumulation of endogenous abscisic acid (ABA) acts both to maintain primary root growth and inhibit shoot growth in maize seedlings at low water potentials (4,,) (IN Saab, RE Sharp, J Pritchard, GS Voetberg [1990 ] Plant Physiol 93: 1329-1336. In this study, we have characterized the growth responses of the primary root and mesocotyl of maize (Zea mays L. cv FR27 x FRMo17) to manipulation of ABA levels at low 4w with a high degree of spatial resolution to provide the basis for studies of the mechanism(s) of ABA action. In seedlings growing at low 4w and treated with fluridone to inhibit carotenoid (and ABA) biosynthesis, ABA levels were decreased in all locations of the root and mesocotyl growing zones compared with untreated seedlings growing at the same 4,,. In the root, low Aw (-1.6 megapascals) caused a shortening of the growing zone, as reported previously. The fluridone treatment was associated with severe inhibition of root elongation rate, which resulted from further shortening of the growing zone. In the mesocotyl, low 4, (-0.3 megapascal) also resulted in a shortened growing zone. In contrast with the primary root, however, fluridone treatment prevented most of the inhibition of elongation and the shortening of the growing zone. Final cell length measurements indicated that the responses of both root and mesocotyl elongation to ABA manipulation at low 4, involve large effects on cell expansion.
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Measurements of the relative changes in root and shoot water contents and dry weights after transplanting to a 4', of -0.3 megapascal showed that the maintenance of shoot elongation in fluridone-treated seedlings was not attributable to increased water or seed-reserve availability resulting from inhibition of root growth. The results suggest a developmental gradient in tissue responsiveness to endogenous ABA in both the root and mesocotyl growing zones. In the root, the capacity for ABA to protect cell expansion at low 4,, appears to decrease with increasing distance from the apex. In the mesocotyl, in contrast, the accumulation of ABA at low 4,, appears to become increasingly inhibitory to expansion as cells are displaced away from the meristematic region.
The primary root of maize continues to grow at low 'w4 that completely inhibit shoot growth (28 vided evidence that endogenous ABA, which accumulates to high concentrations in maize seedlings at low '4, functions both to maintain primary root growth and inhibit shoot growth under these conditions (24) . Our approach was to inhibit ABA accumulation at low ',4 using two methods: a mutant deficient in carotenoid (and ABA) biosynthesis (vp 5) , and FLU, an inhibitor of carotenoid (and ABA) biosynthesis. Results obtained with the two methods were very similar, and showed that inhibition of ABA accumulation at low '44 was associated with severe inhibition of primary root elongation and promotion of shoot elongation compared with untreated seedlings growing at the same '4. It is becoming increasingly evident that there can be large differences in the growth response to low '4' at different positions within the growing zone of an organ. In the maize primary root, low ',4 that cause complete inhibition of elongation in the basal region of the growing zone have no effect on elongation near the apex, resulting in a shortened growth zone (28, 30) . Differential growth sensitivity to low '4' treatments has also been observed within growing zones of wheat seminal roots (17) , soybean hypocotyls (16) , and grape shoots (26) . It has also been demonstrated that the growth response to applied hormones can vary greatly at different positions within growing zones (7, (10) (11) (12) (13) (24) .
Spatial Distribution of Elongation
For the primary root, the spatial distribution of elongation was determined by time-lapse photographic analysis of marked roots using slight modifications of the procedures described by Silk et al. (29) and Sharp et al. (28) . In brief, the Plexiglas face against which the roots were growing was removed, and the apical 20 mm of all the visible roots were marked at approximately 0.5-mm intervals with an ultra-fine ballpoint pen under a dim blue-green light (maximum transmission: 512 nm, range: 460-560 nm). After 1 h, a series of five photographs was taken at 15-min intervals using a bluegreen flash (optical characteristics as above). Enlarged prints were made of the apical 15 mm of roots that (a) elongated within ±15% of the mean rate for that treatment, and (b)
showed minimal inhibition of elongation rate by the marking procedure (28) . Computer-assisted digitization of mark displacement on each series of prints provided longitudinal displacement velocities that were interpolated to equally spaced positions, 0.5-mm apart, using cubic splines. Erickson's five-point differentiating formula was applied to the interpolated velocity values to provide the spatial distribution of relative elemental elongation rate (6) . For the low 41," +FLU treatment, Erickson's three-point differentiating formula (6) was also applied because the displacement velocity changed considerably over small distances near the root apex.
For the mesocotyl, procedures were similar to those used for the primary root. Because mesocotyl elongation is very sensitive to inhibition by dim light, however (15, 25) , a relatively fast film (ASA 100) and wide lens-aperture combination was used to reduce flash intensity to a minimum. As a result, mesocotyl elongation rate was unaffected and no bending of the shoots was observed during the photographic procedure.
Cell Length Profiles
Cell lengths were measured in the growing zones of the primary root and mesocotyl to evaluate the effects of the low 0,b and low 0t4. +FLU Seedlings experiments in the low 41,,, +FLU treatment (both protocols) was recalculated using a three-point differentiating formula (6) instead of the five-point formula used for the profiles shown in Figure  2 . Because these formulae were applied to values of displacement velocity interpolated to 0.5-mm intervals, the threepoint formula allowed elongation rates to be derived over 1-mm instead of 2-mm distances, which is potentially more accurate when elongation rates change over small distances. Results of the two methods were very similar, however, and are shown for the five-point formula only.
Second, we have provided the displacement velocity profiles from which the elongation rate distributions were derived (Fig. 3) . Values are shown only from 0 to 6.5 mm from the apex to increase the resolution in the apical region. These data show that the increase in displacement velocity with distance was very similar between treatments up to 1.5 mm from the apex. Taken together, the results ofFigures 1 through 3 indicate that longitudinal expansion close to the root apex is unaffected by low 0/,, and by the added effect of decreased ABA content.
We examined the profiles of cortical cell lengths in the primary root to determine the extent to which effects of the low 0/, and low 4/. +FLU treatments on root elongation were associated with inhibited cell expansion. Final cell length was achieved 12 mm from the apex in the high '/ treatment, 6 mm in the low 4w treatment, and 4 mm in the low 0w +FLU
[time] treatment (Fig. 4) , in agreement with the results of photographic determination of length of the growing zone (Fig. 2) . In this experiment, the low '/, treatment decreased root elongation rate by 67% compared with the high '/ treatment (Fig. 4, elongation the mesocotyl could not be estimated. Because the entire mesocotyl was elongating at 0.5 to 1 mm h-', depending on treatment, any effects on cell production rate (i.e. while the cells are in the meristematic region adjacent to the coleoptilar node) will not be reflected in the cells present at the end of the growing zone (8-12 mm from the coleoptilar node) after only 5 h.
Effect of Low 4w and FLU on the Competition for Water and Dry Weight between Roots and Shoot
It is important for this and future studies to document that the observed growth responses in the primary root and mesocotyl are direct effects of the low 44 and FLU treatments on the organ in question, rather than indirect responses resulting from growth inhibition or promotion elsewhere in the seedling. For the primary root, this condition is met: experiments were performed 48 h after transplanting to a low '14 of-1.6 MPa, at which shoot growth is completely inhibited (28) . Thus, observed responses of root elongation to the low '14 and low 44 + FLU treatments are clearly independent of effects on shoot growth (24) .
Mesocotyl experiments were performed 5 h after transplanting to a low '1w of -0.3 MPa. This time was chosen because treatment with FLU prevented nearly all the growth inhibition caused by low ',14 until this time (24) , suggesting that increased levels of endogenous ABA were responsible for most of the inhibition of shoot growth. Results of longer-term experiments, however, indicated that FLU treatment at a 44 of-0.3
MPa also caused a decrease in primary root growth concomitant with the maintenance of shoot growth (data not shown). It could be argued, therefore, that the maintenance of mesocotyl elongation by FLU at 5 h after transplanting to low 4,4 (Table I) . Changes in seed water content and dry weight were also measured, but these data lacked adequate resolution due to the large variability in seed size and the short duration of the experiments. The roots lost water during the first 5 h after transplanting to low 44, while shoot water content was unchanged. In the low 44 +FLU treatment, the roots lost about the same amount of water, whereas the shoot, in contrast, gained considerable water during the same period. Other studies have demonstrated differential responsiveness within growing regions to applied hormones (7, (10) (11) (12) (13) . In the maize primary root, for example, applications of IAA can promote elongation near the apex while inhibiting elongation in basal regions (7) . In view of such results, the spatial resolution of this study was essential to confirm that the maintenance of shoot growth at low V4 in FLU-treated seedlings was indeed due to prevention of the growth inhibition induced by low 4,. Without spatial growth data, it was conceivable that FLU promoted rapid elongation in some locations while having no effect (or even causing growth inhibition) in others. Our results show that this was not the case; instead, the distribution of elongation in the mesocotyl was very similar in the low {14 +FLU treatment to that observed at high /'A.
Longitudinal distributions of ABA content have previously been reported for roots and shoots at high 0t4 (8, 14, 20, 21) and for roots at low 0,6 (19) , although not with the degree of spatial resolution reported here. In agreement with the earlier reports, we observed a trend of increasing ABA content toward the apical meristematic regions, which was more pronounced at low 0w. This may reflect the increased ratio of cytoplasm to vacuole in younger cells, and the tendency for ABA to accumulate preferentially in the cytoplasmic compartment (1, 3). The relationship of the spatial distribution of ABA content to the growth pattern has not been investigated previously in either roots or shoots.
Our results indicate that the action of ABA in both the maintenance of primary root growth and the inhibition of mesocotyl growth at low 0,,, involves large effects on cell expansion. In addition to protecting cell expansion in the root, the results suggest that accumulation of endogenous ABA may play a role in maintaining cell production at low O'. This needs to be confirmed by direct examination of meristematic activity, however, because cell production rate could not be calculated accurately in the low 0w +FLU treatment. Barlow and Pilet (2) showed that both cell expansion and division were inhibited by ABA application to maize primary roots, and Robertson et al. (22, 23) showed that ABA application reduced the rate of cell production in sunflower roots by inhibiting cell division and reducing the size of the meristematic zone. These results, however, were achieved using seedlings growing at high 06w. We have previously argued that tissues are likely to respond differently to ABA depending on their water status (24) . Indeed, recent results indicate that ABA applications to roots at high 4, that raised the internal ABA level to that found endogenously in roots at low t 4 " resulted in growth inhibition. On the other hand, when the same ABA level was achieved by ABA application to FLUtreated roots at low O,, the growth rate was promoted (R.E. Sharp, G.S. Voetberg, I.N. Saab, unpublished data).
In conclusion, the spatial resolution of the experiments reported here underscores the complexity of the responses of root and shoot elongation to low 44, and endogenous ABA. This detailed characterization is an essential step toward understanding the mechanisms involved. Future work should also take into account radial patterns of responsiveness to ABA to address the involvement ofthe various tissues of roots and shoots in regulating the growth responses.
